We construct a new gauged U (1) l lepton number model which is anomaly free for each SM generation. The active neutrino masses are radiatively generated with a minimal scalar sector. The phenomenology and collider signals are studied. The interference effects among the new gauge boson, Z ℓ , photon, and Z-boson can be probed at the future e + e − colliders even the center-of-mass energy is below the mass of Z ℓ . Moreover, the electroweak precision sets a stringent bound on the mass splitting of the new lepton doublets.
I. INTRODUCTION
It is well known that the standard model (SM) Lagrangian has an accidental global symmetry associated with the conservation of total lepton number. Equally well known is that the minimal SM cannot accommodate the evidence of active neutrino masses from the neutrino oscillations data. If one allows the dimension five Weinberg operator (Wo) [1] of the form c Λ LLHH where L is the lefthanded lepton doublet, H denotes the Higgs field, Λ is an unknown high scale and c is a free parameter, then after spontaneous symmetry where H takes on a vacuum expectation value v ≃ 247 GeV we get a neutrino mass m ν ∼ cv 2 Λ . Since data indicate that m ν 1 eV the scale Λ can range from 1 to 10
11 TeV depending on the value of c. If the neutrinos masses do indeed originate from the Weinberg operator it fortifies the view that the SM is an effective field theory with a small violation of total lepton number in the form of the non-renormalizable Wo.
The Wo gives an elegant explanation for neutrinos masses within the SM. However, its origin is not known and is the subject of the vast field of neutrino mass models. Furthermore, whether the lepton number is a global symmetry or a gauged symmetry and how the symmetry is broken are all open questions. The answers or even partial answers to these questions will add immensely to our understanding of fundamental physics. The simplest way to extend the SM and obtain the Wo is to have two or more SM singlet righthanded (RH) neutrinos N R . These singlet neutrinos can be given heavy Majorana mass terms that change two units of lepton number explicitly by hand. Integrating these fields out will yield the Wo at low energies which is the well known type I seesaw mechanism [2] . Instead of adding Majorana masses by hand it is theoretically and phenomenologically more interesting to generate them by the spontaneous symmetry breaking (SSB) mechanism. To this end one adds a SM singlet scalar field Φ and form the term ΦN c R N R . When Φ gets a vacuum expectation value (VEV) Φ ≫ v, one again gets the Type I seesaw. If the lepton symmetry that is broken is a U (1) global symmetry then a singlet scalar Majoron will exist in the physical spectrum and can act as extra dark radiation [3] . An extended model with a dark matter candidate has also been constructed in [4] and [5] . Moreover, this symmetry can also be a local gauge symmetry.
The study of the lepton number being a local gauge symmetry has long history. If the symmetry is unbroken one would have a leptonic photon [6] . The corresponding long range force can be searched for in equivalence principle tests [7] and the limit on the leptonic fine structure constant is α l < 10 −49 . However, a complete and consistent model was not studied until recently in [8] in conjunction with gauged baryon number. Gauging lepton number only is given in [9] where active neutrino masses are given by the usual type I seesaw model. A different implementation with type-II seesaw mechanism [10] is given in [11] . Also there the emphasis is on constructing a consistent dark matter model with gauged lepton number. More recently, a gauged SU (2) ℓ model was considered by [12] with emphasis on producing a dark matter candidate and baryogenesis.
In this work we study a model of gauged lepton number U (1) l without employing type I seesaw mechanism for active neutrino masses. Specifically, the model does not have SM singlet neutrinos. The SM leptons are assigned lepton number ℓ = 1, and U (1) l is spontaneously broken. The existence of lepton specific gauge boson Z l is a robust prediction of this class of models. The SM is anomalous under U (1) l and hence new chiral fermions will have to be added. Our solution differs from that of Ref. ([9] ) where they use a set a fermions to solve the anomalies from all three SM lepton families together. We choose to solve the anomaly of the SM leptons within each family and we do not have SM singlet neutrinos as mentioned before.
It is well known that given two U (1) gauge symmetries their corresponding gauge bosons can have kinetic mixing [13] as well as mass mixing. Both are expected to be small. The phenomenology of a kinetically mixed Z ′ with U (1) Y gauge boson was given in [14] . In this paper, we shall neglect these mixings. This paper is organized as follows. In Sec II we discuss the anomalies cancelation solution and the new chiral fermions. Sec. III constructs the Yukawa interactions and the minimal set of scalars required. The scalar potential that leads to symmetry breaking is also constructed. A discussion of charged lepton masses of the model is given in Sec. IV and the extended gauge interactions are described in Sec V. Particular attention is given to Z l which must exist in these models independent of which solution to the anomalies one adopts. It is natural to assume that the SM charged leptons has lepton number of one unit the rich phenomenology of Z l at lepton colliders past and future is guaranteed. Even if its mass denoted by M X is too heavy to be produced at these colliders its interference with the SM γ and Z can be detected in precision measurements. Such effects are proportional to
and thus sensitive to low mass Z l . These are discussed in Sec. VI. The production at the LHC is also given there. Since Z l couples only to leptons and not quarks the search strategy will have to be different from the usual extra Z boson searches. This is followed by a discussion of the phenomenology of the new fermions. Active neutrino masses are generated by 1-loop effect and is given in Sec. VIII. Since it is not the purpose of this paper to do detail neutrino oscillation study we will only present orders of magnitude estimates. Our conclusions are given in Sec. IX.
II. ANOMALIES CANCELATIONS
We extend the SM gauge group by
The color SU (3) group plays no role here and can be neglected. We define the SM leptons to have number ℓ = 1 under U (1) l . The new anomaly coefficients for a single SM lepton family are
where A 5 is for lepton-graviton anomaly. We also need to check the SM anomalies of
and A 8 (U (1) Y ) are canceled when new chiral leptons are introduced to cancel Eq.(1).
We introduce two sets of chiral leptons very similar to the SM leptons. The first set consist of a SU (2) doublet and a singlet and has the eigenvalue ℓ 1 . Explicitly we write
where the subscript L(R) stands for left(right)-handed projections.
The square parenthesis [...] denotes SU (2), U (1) Y , U l assignments.
A second set with righthanded projections but lepton number= ℓ 2 is given by
It is easy to see that Eqs.(1) become
A 1,2,5 = 0 for ℓ 2 = ℓ 1 + 1. Substituting into A 4 = 0 gives
The two solutions are
• Solution II ℓ 1 = 0 and ℓ 2 = 1 .
It is easy to check that the solutions do not contribute to A 6, 7, 8 . This is not surprising since both Eqs.(2,3) form vectorlike pairs under G SM . Thus, Eqs.(6,7) are anomalies free without the use of singlet RH neutrinos.
III. YUKAWA INTERACTIONS
After determining the anomalies free lepton representations we can proceed to construct G invariant Yukawa interactions. This will produce the minimal scalar fields required for viable charged and neutral lepton mass matrices at the tree level.
We will give a detail discussion of the physics associated with solution (I) 1 . The complete set of leptons for this solution and their gauge quantum numbers are given in Table(I) . With this, one can form all possible Lorentz invariant bilepton combinations that are invariant under G SM . The next step is to identify scalar fields that will make Yukawa interactions that are invariant under the full gauge group G. Besides the SM Higgs field H 0 , the minimum set of new scalars we require are Φ, S, and H 1 and their quantum numbers are also given in Table(II). With this, the Yukawa interactions are given by
1 Solution II gives qualitatively the same physics. It is easy to extend our discussions to this case. 2 We are interested in the minimal setup. In general there could also be a Yukawa term L 1L e R H 2 with a second doublet H 2 : It can be seen that S is charged and cannot develop a VEV. H 1 is a Higgs-like field and may or may not pick up a VEV depending on the parameters in the scalar potential. Here we make the reasonable assumption that the lepton number breaking scale is much higher than v. In order not to have a weak scale lepton number violation we will work in the parameter space where H 1 is not Higgssed since it has ℓ = 2. Moreover, Φ 1 is a neutral scalar and it can pick up a VEV w and thus can bestow masses to the new charged leptons E 1,2 . They will be much heavier than SM charged leptons if w ≫ v. Another electroweak singlet scalar Φ 2 with 2 units of lepton number is required for neutrino mass generation as we shall see later. But it does not enter in Eq.(8). We will not include scalar fields with |Y | > 1 as they play no role in our study.
. After SSB, the lepton mass matrices arise from Eq. (8) . The charged lepton matrix in the basis E = (e w , E 1 , E 2 )
where r ≡ 5 is
The identityψ However, what is interesting is that Eq.(9) has sufficient structure to give a 1-loop radiative Majorana mass to ν w L ; i.e. the upper leftmost entry of Eq.(11) will have a quantum contribution. The source comes from the term involving λ 2ℓ which spontaneously breaks lepton symmetry when Φ 2 gets a VEV. It also induces a mixing 3 In general Φ 1 and Φ 2 need not have the same VEV. This only adds more parameters to the model without adding more physics. We shall assume they are equal. 4 Here we introduce the intermediary subscript w to e to remind us it is the weak basis. 5 Again the intermediary superscript w is introduced for neutrino.
between the charged scalars H + 1 and S + . The details of radiatively generated active neutrino masses will be discussed in a later section.
Eq.(8) holds for a single lepton family. It can be generalized to the 3 families case by promoting the couplings y e , Y 1,2,3 , λ 1,...,4 , f to 3 × 3 matrices. There are also similar terms connecting different families which we will neglect since we are not interested in charged lepton flavor violation or flavor changing neutral current processes in this paper. Henceforth, our discussions will mostly involve only a single lepton family which is designated as the electron family.
A. A quartet of scalar fields
It is easy to see from Eq.(9) that the SM Higgs field in the gauge basis can be identified with H 0 . The SM Higgs field will mix with the real parts of the SM singlets ℜΦ 1,2 and SM doublet charge neutral part ℜH 0 1 through the quartic couplings λ 2ℓ , λ Φ1H0 , λ Φ2H0 , and the cubic term µ 3 after SSB. The scalar mass matrix is in general 4 × 4. We denote this quartet of gauge states by
As usual the mass eigenstates h i = (h 0 , h 1 , h 2 , h 3 ) are related to H via h = U H where U is a 4 × 4 unitary mixing matrix. The strength of the mixings given by the elements U iα will depend on the physical masses of the new scalars and the quartic couplings. Since no beyond SM scalars are found at the LHC, we make the conservative assumption that they are all heavier than 800 GeV. However, we are mindful that optimal search strategy for a specific scalar is model dependent. Nevertheless, a robust prediction is that a universal suppression factor U 11 applies to all SM Higgs couplings which can be probed by the Higgs signal strengths at the LHC. The SM signal strength is parameterized by µ and is unity for the SM. The LHC-1 bound is µ = 1.09 ± 0.11 [15] . This implies |U 11 | 2 > .87 at 2σ level. Hence, the mixing of H 0 with any of the other three scalars must be quite small or even vanishing. Small mixings can be achieved by tuning the couplings λ 2ℓ , λ Φ1H0 , λ Φ2H0 , and µ 3 .
B. Two simplified cases of lepton mass diagonalization
To capture the physics essence of this model, we will avoid the complication of keeping track of all the free parameters and focus on two simplified scenarios:
• Scenario-A: We take λ 2ℓ and µ 3 to be small but finite and we also assume that Y 2 ∼ Y 3 ∼ Y and λ 1,2,3,4 ∼λ.
• Scenario-B: This is the limiting case of λ 1,2 = 0 = µ 3 . We also assume that Y 2 ∼ Y 3 ∼ Y and λ 3,4 ∼λ.
We shall refer to them as the Yukawa symmetry limits. 
In the limit r → 0 and y,λ finite the charged lepton mass matrix has the structure
The spectrum consists of a massless electron and two heavy degenerate leptons with mass ∼λw in this limit. Returning to Eq. (12), it can be shown that the smallest eigenvalue is given by the larger of y e , Y . This implies that in order to get the electron mass right, Y ≃ y e . Thus, without loss of generality we write the charged lepton mass matrix as
where m e is the physical electron mass. Moreover, the parameter Y 1 remains free. In general, we can write the physical mass eigenstates E ′ α = (e, E − , E + ) where α = 1, 2, 3 is given by
where V is the unitary matrix that diagonalizes
For the simplified symmetrical case of Eq. (14), V A can be worked out to be
The neutral lepton mass matrix is
Note that the difference between Eqs. (11) and (14) is proportional to an identical matrix. Therefore, both the neutral and charged lepton mass matrices are diagonalized by the same rotation, Eq. (16) . At tree level the spectrum consists of a massless neutrino and a Dirac neutrino of mass ∼λw. This can be seen by defining
Clearly n − is massless and the pair of Weyl neutrinos n + , N c 2R combine into a Dirac neutrino. In the case that the neutrinos receive notable quantum corrections, we denote the charged neutral mass eigenstates as (ν, N − , N + ) with the convention M N+ > M N− .
The Y 1 Yukawa term is relevant when considering the exotic fermion decays. In the mass basis, we have the following terms:
Scenario B
In this case, the SM leptons completely decouple from the exotic fermion sector. The lepton matrices now become
and M E can be diagonalized by the rotation matrix
The mass eigenstates are again denoted as (e, E − , E + ) For neutrinos,
Clearly, there is no mixing between the ν w and (N 1L , N c 2R ).
In the chiral basis, M N is also diagonalized by V B and the mass eigenstates are again denoted as (ν, N − , N + ). At tree-level N + , N − are degenerated. In fact, N 1L and N 2R form a Dirac fermion at tree-level, let's simply call it N , andLN = N 1L ,RN = N 2R . The degeneracy will be broken by the 1-loop mass correction. However, the quantum correction is expected to be much smaller than w and taking N as a Dirac DM is a good approximation.
The Y 1 Yukawa term in the mass basis becomes
The heavier of E ± and H 1 can decay via this Yukawa interaction follow by the lighter one decaying through gauge interactions.
IV. GAUGE INTERACTIONS
The covariant derivative is
where Z l is the gauge boson for U (1) l , Y the hypercharge, and ℓ the lepton number. All the quantum numbers can be read from the tables. Other notations are standard. After the SSB of U (1) l , Φ 1,2 = w 1,2 , the Z l acquires a mass
gives the overall lepton number violating scale.
In terms of the physical gauge bosons, the gauge interaction in the weak basis is
where P denotes the photon,
w and g R = s 2 w are the SM left-handed and right-handed Z-electron coupling, respectively. We have also assumed the kinetic mixing between U (1) l and U (1) Y is negligible.
A. SM gauge interaction
For the scenario-B, the weak basis and the mass basis are related by e w = e,
The mass splitting between N + and N − could stem from the quantum corrections and is unlikely to be experimentally detectable. Hence, it is a very good approximation to lump them into a Dirac fermion N . The QED interaction in the mass basis remains intact,
The SM CC interaction becomes
The SM CC interaction is intact. However, note that thē N E + W + vertex is vector-like and theN E − W + one is axial-vector.
The SM NC interaction admits a similar structure and becomes
For the scenario-A,
Again, we adopt the approximation where N + , N − form a Dirac fermion N . The neutrinos in the interaction basis become
(34) And it is easy to check that the QED, SM-CC, SM-NC parts are the same as those in scenario-B.
In these two cases we discussed, the SM gauge couplings are intact. This is due to that V 31 = 0 for both cases. In general, the SM Z-e-e and Z-ν-ν axial-vector part couplings can deviate from the SM prediction. However, the deviation is expected to be small which is controlled by the mixing,
The corrections from any extra Z boson couplings to SM leptons are important for low energy high sensitivity experiments which can be done at the proposed lepton colliders such as the ILC [16] and CLIC [17] . And it is particularly true for Z l . To facilitate such studies, we need to know the couplings of Z l to the SM leptons which are also important for direct searches.
We begin with the couplings of charged leptons. It is easy to see from Eq.(24) and Table(1), the charged leptons E = (e w , E 1 , E 2 ) have vector couplings to Z l in the gauge basis. We define a charged matrix Q E representing this coupling by EQ E γ µ EZ µ l , where
In the mass basis the corresponding charge mass is given by
where V is given by Eq. (15) . Specific examples of V are given in Eq. (16) and Eq. (21) . In general, Q ′E is not diagonal and in sharp contrast to case of the SM gauge interactions. Of particular interest is Q
which determines the coupling strength of Z l to the physical electrons. For scenario-A, we see that not only is this suppressed by matrix elements but an accidental cancelation also occurs. Indeed for the simplified case it vanishes as from Eq. (16) . Similarly, we find Q
which gives the off diagonal coupling of Z l to the physical electron and new heavy charged lepton. Explicitly, we have for scenario-A and in Yukawa symmetry limit
In general, the coupling Q E 11ē γ µ e Z µ l will not vanish since the λ's are all different and a complete cancelation is not expected. Moreover, it is expected that |Q E | < 1. On the other hand, it is very different for scenario-B. In this case, the SM electron decouples from the exotic fermion and one has Q ′E 11 = 1. Instead we have
In both scenarios the couplings are vectorial. Similar considerations for the neutral leptons give for
and for scenario-B
In contrast to the charged leptons, these couplings are lefthanded.
V. PHENOMENOLOGY OF Z l
It is clear that Z l has only tree level couplings to SM leptons and not to quarks. Hence its phenomenology is very different from most extra Z extensions of the SM.
For scenario-A in the Yukawa symmetry limit, Z l does not couple to SM charged leptons phenomenology at tree level although 1-loop effect can exist. Thus, we do not expect such probes to be sensitive to Z l in this limiting case. On the other hand for scenario-B, this coupling is at full strength. Therefore, in the following, we mainly focus on the Z l phenomenology for scenario-B. In between the two cases, our results can be used by properly multiplying by the appropriate factor (Q ′E ) 2 once elements of the mixing matrix V is determined.
Although the model has many parameters, most of which are related to that many scalars present. For Z l phenomenology they largely do not play a role. The controlling parameters are g l and M X , the mass of Z l . Whether the new leptons and scalars are heavier or lighter than Z l mainly affects the branching ratio of Z l into SM states, and is of secondary importance here. For definiteness, we shall assume that Z l is the lightest of the new particles.
Direct production from e + e − colliders via e + e − → Z l which subsequently decays into ℓ + ℓ − pairs gives unambiguous signal if kinematically allowed. Indirect virtual exchange of Z l effects can be discerned in low energy precision experiments involving only leptons. Some notable reactions are studied below.
A. LEP II bound
The four-lepton contact interactions between electrons and charged leptons ℓ with scale Λ V V 6 is parameterized by
This can be generated by exchanging a heavy Z l boson with the coupling g l . Since the leptons are mass eigenstates the coupling has to be scaled by the factor Q ′E 11 . The operator yields a destructive interference with the SM process for √ s ≪ M X The resulting effects to e + e − → l + l − have been searched for at LEP and a limit that Λ V V > 20.0 TeV is set if the universality between leptons is assumed [18] . This amounts to a ρ-dependent lower bound on M X ,
where For the remainder of this section, scenario (B) is assumed.
B. Z l width
With the assumptions listed the main decay modes of Z l are into the SM leptons. The total width can be calculated to be:
where
2 , α the fine structure constant, and the l l L,R is the left/right-handed coupling for the l lepton flavor. Since x l ≪ 1, we have Γ Z l = 3 2 αρM X . For a light Z l , M ∼ O(100) GeV, its typical width is around a few GeV, and its decay branching ratios are Br(Z l → l + l − ) = 2/9 and Br(Z l → νν) = 1/9 for each flavor.
The exchange of Z l which has vector couplings to e, µ will interfere with the SM exchange of Z, γ. The differential cross section is given by
where θ is the scattering angle of µ − , and s is the center of mass energy squared. And c W (s W ) is the cosine(sine) of the weak mixing angle. Also the SM Z-lepton couplings are g L = − 
where M X the mass and Γ X the width of Z l . We have combined the photon and Z l exchange together since both have vector couplings to e and µ. The finite widths are included to take care of the behaviors near the mass poles. The SM γ − Z interference causes a wiggling with magnitude around ∼ O(10 −2 ) of the cross section around Z-pole, see Fig.1(a,b) . This along with other asymmetries have been experimentally confirmed by analyzing the Z line shape [18, 19] . The presence of the new Z l boson provide additional wiggling around the SM Z-pole at the level of ∼ O(10 −3 ), Fig.1(b) . This will be the first unambiguous sign of the existing of a new gauge boson which interferes with γ, Z, which can be searched for at the future Z factories such as the FCC-ee [20] and CEPC [21] .
We parameterize the cross section as
Then A F B is given by
where A, B can be easily read from Eq.(44). A F B is center-of-mass energy dependent.
At the Z pole, we have
by using s 
This can be understood because as follow. Firstly, a Z l is heavier than M Z it gives a destructive interference to the symmetric D γl term and reduces A. Secondly, the asymmetric (
At the Z l pole, the asymmetry is small due to the vector coupling nature of Z l and it becomes
by using Eq.(43). It is interesting that the above three values are not sensitive to ρ. Finally, for
We give a plot of A F B , Fig.2 , for M X = 2 TeV and ρ = 0.3, 1.0. The √ s dependent A F B provides an important handle to probe the new heavy gauge boson. It is especially useful for the planned linear colliders. For example, the CLIC has plans for 2-staged intermedin energy at √ s = 0.5, 1.4(1.5) TeV before reaching its ultimate 3TeV goal [17] . At each new stage, it is able to tune down the energy by about factor 3 without losing the luminosity. One might be able to see the effect of new gauge boson in the A F B even if Z ℓ is too heavy to be produced on shell. 
D. Muon g − 2
Z l contribution to the muon anomalous moment an amount easily calculated to be
Using the value a exp µ −a th µ = 2.88×10 −9 [22] and requiring that ∆a µ is smaller than that, we obtain the constraint M X > 54.5 √ ρ GeV. The helicity flip factor severely curtails the sensitivity of a µ to M . The new exotic scalars have contributions to ∆a µ as well. Since their masses have to be heavier than ∼ 0.8TeV, those contributions are negligible. However, this limit can not compete with Eq.(42).
E. Møeller Scattering
The exchange of Z l will interfere with the SM Z, γ processes at the amplitude level. The leading order is free of hadronic uncertainties and hence offers a very clean sensitive probe of Z l . Since the Z l admits vector-coupling to the electron, it does not contribute left-right asymmetry directly. Its role in the Møeller scattering is to increase the symmetric cross section from the photon exchange diagram. The asymmetry is then reduced to
where y = − t s . The asymmetry was measured to be A LR = 131 ± 14(stas) ± 10(syst)ppb (55) by the SLAC E158 experiment [23] , where Q If energetically allowed, Z l can be produced at the LHC via the radiaitive Drell-Yan process as depicted in Fig.(3) .
The final states will be 2 pairs of leptons with different flavors in which one pair constitutes a resonance. E.g. µ + µ − and e + e − pairs and either pair coming from onshell Z l decay. Another signal will be three leptons plus missing energy . A spectacular example will be a µ + µ
and an e + e − pair with either one pair resulting from Z l decay. Both signatures will have no jet activities.
Here, just for illustration purpose, we consider the signal pp → e + e − Z l → e + e − + (µμ) and there is a sharp resonance peak of muon pair invariant mass at M X . The SM background is pp → e + e − µ + µ − with the m µμ ∼ M X . We evaluate the cross section of pp → e + e − Z l at LHC for three CM energies by the program CalcHep [24] with the CTEQ6l1 PDF set [25] . The SMBG are also evaluated by CalcHep with a cut that m µμ ∈ (M X − 50GeV, M X + 50GeV ). The numbers are listed in Tab.III. We use S/ √ B = 3 and an integrated luminosity L 0 = 3000(f b) −1 as the bench mark limit of detecting a Z l at the LHC. Then
The corresponding highest lepton number breaking scale we can probe isw
X , which are also displayed in Tab.III. The LHC14, LHC30, and LHC100 have the potential to probe the lepton number violating scales up to ∼ 0.5, 1.0, and 2.0 TeV, respectively.
VI. RADIATIVE SEESAW MASS FOR νL
The Feynman diagrams for radiative ν L mass generation are depicted in Fig.4 which are given in the weak eigenbasis. They fill in the upper left-hand block of zeros in Eq. (18) 7 . In the limit that the charged H 1 , S scalars are heavier than the leptons we get
where we have used Y v = m e as explained above. M 11 will be the upper leftmost entry in Eq. (18) . Similarly, we get radiative correction to M 12,21 , Fig.5 . Clearly, these are much smaller thanλw. Other than providing a Majorana mass for the active neutrino ν e , they also transform the Dirac neutrino N into a pseudo-Dirac one. Numerically, the splitting will be undetectably small that for all practical purposes, and we can treat the N as a Dirac neutrino. Assuming that there is no outstanding hierarchy between m 1 and m S , then one expects the combination w/(m 
VII. PHENOMENOLOGY OF E, N
Even if the exotic leptons are too heavy to be produced by current or near future colliders they can have important effects at current energies. The notable ones are the electroweak oblique parameters S, T [26, 27] , and the decay h → γγ.
A. Oblique parameters S, T
It is well known that the oblique parameters S and T constraint heavy fermions that carry SM quantum numbers. In this case they constrain the mass differences of the lepton pairs E, N as well as the number of such pairs. Explicitly, for each generation we have
Ei . When the mass splitting between E i and N i is small comparing to their masses,
for each generation. The doublet H 1 provides contribution
. Note that △T from fermions and doublet scalar are both positive, but △S from the doublet scalar can be either positive or negative. From the Particle Data Group, we have S data < 0.22 and T data < 0.27 at 95% C.L. [22] To see how these will restrict the parameters of our model, we begin by taking z = 1, i.e. the neutral and charged components of H 1 are degenerate. This implies that the mixing of H 1 with all other scalars are negligible. Then the scalar contributions to △T and △S are vanishing. For simplicity we also assume the masses of E + and E − are equal and their counterparts for µ and τ families are also the same. From Eq.(59) we see that the new isodoublet chiral leptons cannot have degenerate upper and lower components; otherwise it runs afoul of S data . The splitting between the neutral and charged components that saturates T data is given by x = 0.73 (63) where we have dropped the subscript i. Using Eq. (58) and T data we obtain M E ≤ 350 GeV. The above values are to be taking as a demonstration that the stringent constrains of oblique corrections can be satisfied with new lepton masses in the range of 350 GeV, the vertical dash blue line in Fig.6 . This is well above limit form the charged lepton searches of > 100.8 GeV, the vertical dash red line in Fig.6 , given in PDG [22] Contours from △S and △T constraints for different ln x. For a given ln x, the allowed masses region is above the direct search bound on M H + , the horizontal red line, to the right of the direct search bound on ME, the vertical dashed red line, and to the lower left of the blue (dash)curve.
We can also of take the limit that the E and N are degenerate, i.e. all x = 1. Then Eq.(59) yields △S ≃ .32. Then it will require H 1 doublet with ln z ≃ 3.71 to bring it within the experimental bound since scalars give a negative contribution (see Eq.(62)). The scalars will then be the sole contributors to △T . A similar calculation gives a upper on the mass of H + to be 155 GeV, the horizontal blue line in Fig.6 . This value is also larger than the direct search bound on charged scalars, the horizontal red line in Fig.6 . The large splitting between H + and H 0 1 implies that some if not all of the parameters κ H1S , κ ΦiH1 and µ 3 in Eq.(9)are large.
Notice that since z is large we have M H 0 1 ≃ 24.4 GeV. In general it can mix with the SM Higgs boson but we have seen that this mixing is constrained to be small. In the interaction basis, which is good for small mixings, it does not couple to quarks and it has no couplings to gluons to 1-loop. Because of this, it will not run into problem at the LHC. Neutral scalars in the mass range of 10 − 100 GeV is notoriously difficult to detect. The challenges and a possible signal for probing this at the LHC was discussed in [29] . Additionally, a more promising avenue of exploring this at a future e + e − collider is given in [30] .
From the above limiting case, it is easy to see that if ln x > −0.3088 the doublet H 1 will have to play a role in satisfying the oblique corrections bounds. For ln x = −0.3088, it is the vertical dashed blue line in Fig.6 . It is more realistic to assume finite mass splittings between isodoublet for both leptons and scalars. As an illustration we take ln x = −0.2, then the masses of M E and M H + will satisfy a contour given by
The allowed regions of M E and M H + for different ln x are displayed in Fig.6 . If both experimental lower bounds on M E , M H + are met, one can see that the range of ln x is −0.43572 < ln x < 0.6053, and it implies that 0.80 < (M N /M E ) < 1.35 and 0.47 < (M H + /M H 0 ) < 241.0 if a universal x i is assumed. Moreover, for ln x > −0.1, a light neutral scalar with mass M H 0 < 50 GeV is expected.
Before closing this section, we remark that it is wellknown that the constraint from △T can be largely loosen by introducing an SU (2) triplet with a small VEV so that the tree-level electroweak ρ-parameter is less than unity. However, for the minimal setup, we do not further into such discussion.
B. Impact on Higgs decays

1.
Higgs to two photons.
The SM Higgs to the di-photon vertex is generated at the 1-loop level with dominant contributions from W ± and top quark running in the loop. In our model, there are six new charged leptons, a E 1 , E 2 pair for each of the three generations, and two new charged scalars, H ± 1 and S ± . These charged fields mix among themselves, and one needs to know every parameter for the actual mass diagonalization. However, with assumptions on the masse ranges of these charged particles, a general discussion is sufficient to draw qualitative conclusions.
In the mass basis, we can parameterize the Yukawa couplings and cubic couplings to the SM Higgs as
These new electrically charged degrees of freedom enter the 1-loop triangle diagram and modify the width of the SM Higgs di-photon decay. This is given by [31] Γ
where τ i ≡ (m H /2m i ) 2 , and
with
For m i ≫ M H /2 = 62.5GeV, we have the following expansions around τ = 0:
Plugging in the numbers, the di-photon decay width reads
for M Ei = 1000(100)GeV, M H2 = 2.0(0.5)TeV, and M H1 = 200(100)GeV. The first two numbers are the dominate SM contributions from W ± and top quark, respectively. Since we expect |y Ei | ∼ m l /v h ≪ 1, even for the new leptons (see Sec. III) the charged leptons contribution can be ignored. If the second charged scalar is heavy, its contribution can be ignored too even taking λ 2 ∼ O(1). Therefore, only the light charged scalar with mass in the range of 100 to 200 GeV matters. The gluon fusion is the dominant SM Higgs production channel at the LHC, and it does not receive any modification. The signal strength of pp → h → γγ at the LHC is therefore
Comparing with the experiment data µ γγ = 1.18(+0.17− 0.14) [32] , we conclude that it is safe even the light charged Higgs has a coupling |λ 1 | ∼ O(1). This is in agreement with the general analysis given in [33] .
Higgs to 4 fermions
For notational simplicity, here we denote h 1 ≡ ℜ(H 
The decay width is
(73) where M H (= 125GeV) and m 1 are the masses of h SM and h 1 (a 1 ) respectively. We have neglected term involving off diagonal mixing of neutral scalars. The dominant decay mode for h 1 (a 1 ) is model dependent. The current bound on the mixing squared between h SM and h 1 is about 10 −2 for 10 < m 1 < 40 GeV from LEP2 [34] 9 . For Y 1 ∼ O(0.1), as expected from the radiative neutrino masses, the effects from the mixing with SM Higgs can not compete with those from the direct Yukawa interaction, Eq. (19) . Therefore, for scenario A , the main decay channel will be h 1 (a 1 ) →lℓ with ℓ = e, µ, τ . The signal will be SM Higgs decays into 2 charged leptons pairs with both invariant masses peaking at the unknown m 1 .
For scenario B, h 1 (a 1 ) has only off-diagonal couplings to SM lepton and a heavy lepton, see Eq. (23) . The dominant decay of light h 1 (a 1 ) is expected to be due to mixing with the h SM (ℑ(H 0 0 )) which then decays into a fermion pair. Therefore,bb will be the dominate final state if m 1 > 10 GeV.
For the general case, in between scenario A and B, we expect the mixing element |U 12 | 2 < 0.13, from unitarity and |U 11 | 2 > 0.87 [15] , to be small but non-vanishing.
C. Colliders production and decay of exotic leptons
For both scenarios (A) and (B), the SM gauge interaction allows E ± → W − N ± , W − N ∓ , and N + → N − Z 9 The limit on the mixing squared between h SM and h 1 could be improved by a few orders of magnitude at the future colliders [29, 30] .
if that M N < M E is assumed. We consider the decay, E ± → N W − , of a heavy Dirac N for simplicity. The decay width is calculated to be
where λ cm (y, z) = 1 + y 2 + z 2 − 2(y + z + yz),
For M E ≫ M W , or x w ≪ 1, the width becomes
As discussed in Sec.VII A, the oblique corrections requires that ln x N > −0.4357, and results in an upper bound
On the other hand, if M N > M E , the decay width of N takes a similar form with
Similarly, from that ln x N < 0.6053,
From the above discussion, unless the leptons are nearly degenerate, the decays of E ± or N are expected to be prompt. Next, we turn our attention to the heavy lepton decay via the Yukawa interaction with H 1 . Let's consider a general case with two fermions F, f , and a scalar φ. The scalar field φ could be either neutral or charged. Assume that they admit a Yukawa interaction which is parameterized as L ⊃F (s + aγ 5 )f φ + h.c. . If kinematics allowed, the decay channel F → f φ opens and the width is calculated to be
where M is the mass of F , x f = (m f /M ) 2 , and x φ = (m φ /M ) 2 . For the cases that M, m f ≫ m φ , the decay width becomes 
We shall use the superscript " * " to denote off-shell particles.
The heavy leptons can be pair produced at the e + e − colliders. For simplicity, we assume that E + and E − are nearly degenerate, so that they are hard to be distinguished experimentally and we collectively denote the states as E ≡ E + ∼ E − . For √ s ≫ M Z and away from the Z ℓ pole, the production cross section per generation for scenario-(B) can be calculated to be
The first factor 2 represents the incoherent sum from the contribution of the two heavy Dirac charged leptons. For example, if {M E+ , M E− } = {200, 180}GeV, ρ = 0.3, and M X = 1TeV, the production cross section of 2 charged leptons are 556.0(83.2) fb for √ s = 1.2(2.2)TeV, 10 We have checked that even M N < M E N can not be a dark matter candidate due to its SM SU (2) interaction. Adding an ad hoc Z 2 parity will not change this. 11 Due to the radiative generated Majorana masses, Fig.5 , N is in fact pseudo-Dirac. However, the conjugate decays, N → W −Ē and N → e − S + , are expected to be rare.
see Fig.7(a) . Similarly, the heavy N can be pair produced through the s-channel process mediated by Z, Z ℓ , and the production cross section for each generation is
For example, if M N = 170GeV, ρ = 0.3, and M X = 1TeV, the production cross section of NN pair are 94.0(12.4) fb for √ s = 1.2(2.2)TeV, see Fig.7(b) .
At the LHC, the heavy leptons can be produced via the photon and(or) W/Z-boson Drell-Yan process. Therefore, the production cross sections are independent of the Z ℓ mass and the U (1) ℓ gauge couplings. Since a full-fledged collider study is beyond the scope of this paper, only the production cross-section are considered here. Three sets of (M E+ , M E− ) are considered as the benchmarks with the assumption that their mass differences are sub-electroweak. When choosing the heavy Dirac neutrino masses, the constraint from the electroweak precision have been taken into account; with | ln x| < {0.3, 0.15, 0.05} for M E+ = {200, 500, 1000} GeV, respectively. The production cross sections are evaluated by CalcHep and listed in TableV and TableVI.
For M E , M N 500 GeV, the production cross sections are about O(1 − 100)f b. The production of E and N will be followed by their decays into SM particles. The decay modes are sensitive to the masses of E + , E − , N as well as the masses of the charged scalars H ± 1 , S ± which in general mix. If the splitting between E, N is large enough the dominant decays will be 2-body modes; otherwise they will be 3-body modes. They also depend on the ordering of the E, N masses. If M E > M S ± then we have the chain
where the decay of S − proceeds via mixing with H − 1 . Additionally, in scenario-(B), if M E > M N we also have the chain
where we take the decay of E to proceed via
if Y 1 is not too small. Next, we examine the decays of the neutral lepton N . If M N > M E , the decay chain will be
Similar to the case of E, if M N > M S ± the following is also available
Before one can draw any conclusion, it is crucially important to understand the SM background first. We leave the comprehensive signal and background study to a future work.
VIII. CONCLUSIONS
An anomaly free gauged U (1) l lepton model was constructed to study the nature of lepton number. Different from previous studies in the literature, we found two solutions which are free of the anomaly for each SM fermion generation. Our solutions also do not require type I seesaw mechanism for active neutrino mass generation. The price we pay is to introduce four extra chiral fermion fields per generation. While the two solutions whose anomaly cancelation is nontrivial, look superficially similar. The fermion content of one solution is displayed in Tab.I. We have constructed the minimal scalar sector, Tab.II, such that the active neutrino masses are generated radiatively without significant fine-tuning the model parameters. Moreover, the new leptons acquire their masses from the vacuum expectation values of SM Higgs doublet and the scalars, φ 1,2 , which carry nonzero lepton numbers.
An immediate phenomenological consequence is the existence of a new gauge boson, Z l , which is universal for any gauged U (1) ℓ model. The mass of Z l , M X , is determined by the lepton charges of the scalars φ 1,2 and the lepton number violating VEVs, φ 1,2 . The Z l boson interferes with the SM photon and Z-boson in the process e + e − → ll. Even if the center-of-mass energy of the e + e − collider is below the mass of Z ℓ , its effects can be unambiguously identified from the Z line shape and the forward-backward asymmetries. This can be seen in Fig.1 and Fig.2 . In contrast, the front-back asymmetries of the quarks will not change from their SM values. The combination of these two measurements will shed light on the nature of any extra Z boson.
As noted previously, Z l can be produced at a hadron collider by radiating from a lepton line from the usual Drell-Yan process via the reaction pp → ℓlℓ ′l′ with the invariant mass of one pair of leptons, ℓl ′ say, peaking at M X . The final state to look for are four leptons with no jets. We found that the LHC14, LHC30, and LHC100 with an integrated luminosity 3000(f b) −1 can probe the lepton number violating scale up to roughly 0.5, 1.0, and 2.0 TeV, respectively. This is the same range of direct Z l production can be reached at the e + e − colliders such as ILC500 and CLIC at 2 TeV. The latter also provides much cleaner environment. For the constraint on the coupling for a light scenario-(B)-type Z ℓ , see [35] .
Since the SM fermions content is anomalous under U (1) ℓ , new heavy leptons are mandated to cancel the anomaly for a UV complete theory. The masses of these exotic leptons are usually free parameters and can be heavier than the reach of any foreseeable colliders. We studied the phenomenologically more interesting case where their masses are < 1.0 TeV. The production of the heavy charged lepton pair at an e + e − collider is ∼ O(10 − 10
2 )f b, and the signals for their detection can be very clean. Due to the negligible mixing of E, N with their SM counter parts, the usual detection channels do not apply. For example, for a heavy neutrino N , the usual detection channel is N → eW . However, for our solution N predominantly decays into final states with W + 3ℓ (see Eqs. (86), (87 )). We have used the result that h 1 (a 1 ) will have sizable couplings to SM charged leptons with Y 1 0.1.
The production and detection at a hadron collider is much more complicated. At the LHC while the cross sections are not too small, i.e. O(1 − 10
2 )f b for M E , M N < 500 GeV. But one needs a comprehensive study of the SM backgrounds for each possible final state. For a heavy neutrino with the usual decay this has been extensively studied before [36] . Our preferred final states are different and typically involve multi-leptons and no accompany jet activities other than hadronic W . We shall leave such a comprehensive study to future work. We note that multilepton signals at the LHC were investigated in [37] [38] [39] for various scenarios and different models.
Moreover, we have also studied the imprints of the new scalars and heavy leptons at low energies. It is found that the most prominent constraint on the new fields is from the oblique parameters, △S and △T . We have carefully studied the current experimental bounds on △S and △T and the direct searches for the new charged scalar and heavy charged lepton as well. The electroweak precision bounds require that the new heavy leptons have to be nearly degenerate. This is a generic feature of any gauged U (1) l model with the custodial symmetry, nearly degenerate new SU (2) doublet leptons will occur. Depending on their masses, the mass splitting between the heavy neutrino and charged lepton has to be less than O(1 − 10%). This will severely constrain the parameters of the model. We look forward to future improvements on the measurements of these quantities. 
